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DZ!?FUSIONTHROUGHHIGH-SPEEDTURBUIEN’T

BOUNDARYLAYERS

HowardA. StineandWarrenWtiovich

The opticaltransmissioncharacteristicsof turbulentboundarylayers
in airon a flatplatewithnegligibleheattransferweremeasuredphoto-
metricallyforrangesofMachnumberfrom0.4to 2.5. Free-stresmdensi-
tiesandboundary-layerthicknessesranged>respectively,from0.12to

x G.93stsndardsea-levelatmospheresandfrom1-1/2to 3-1/2inches.
b

u It was foundempiricallythatthe scatteringfroma collimatedbesm
of whitelightwhichpenetratesa turbulentboundarylayerdependsmainly
upontheintegralacrossthelayerof thedifferencebetweenthe free-
streamdensitysndthe localboundary-layerdensity.The radiantpower
scatteredthusappearsto be dependentbothupondensityfluctuations
proportionalto thec~e b meandensityacrosstheboundaryl.yerand
to an integralscaleof thedensityfluctuationsproportionalto the
boundary-layerthickness.The scatteredlightis deviatedin all cases
throughverysmallangles,themaximumin thesetestsbeingabout0.0006
radianmeasuredfromthe directionof primarypropagation.The distri-
butionof energyin the scatteredfielddependsmainlywon the integral
scaleof thedensityfluctuationsandis in excellentagreementwitha
theoreticalpredictionbasedon the scatteringcrosssectionof Booker
andGordon.Comparisonsof scatteredpatternsthroughtwobotmdarylayers
withthosethroughfourshowsmalldeviationsfromLambertlsexponential
law. Thesedifferencesareattributedbothto secondaryscatteringand
to diffuserefractionat theboundary-layerfree-streaminterfaces.

The resultsshowthatsignificsmtdeteriorationin resolvingpower
csnbe sustainedby opticalimagingdeviceswhichreceiveradiantenergy
throughcompressibleturbulentboundarylayers.For example,the included
anglebetweentwo equallybrightpointobjectswhichcanjustbe resolved
by a 2-1/2-inchobjectiveis about2 secondsof arc. If thisobjective8-. looksthrougha l-3/k-inch-thickturbulentboundarylayerat a Machnumber
of 2.5sada densityaltitudeof 45)000feet,thisangleincreases”to

* about8 secondsof arc.
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u
Theresults,moreover,showthatphotometricmeasurementsin the

radiationfieldproducedby the interactionof a planelightwavewith
.-

a turbulentboundarylayercanbe usedin con$mctionwithscattering E“
theoryto deduceaveragevaluesof theintegralscaleandthe intensity
of turbulentdensityfluctuations.

.-

INTRODUCTIO’N

Dueto theprocessof scattering(ordiffusion),thequalityof
opticalimagesreceivedaboardan airbornevehicletravelingat highspeed

—

csmbe expectedto deteriorateif theradiationtraversesa turbulent
.——

boundarylayer. The subjectiveeffectof thisdeteriorationcanbe likened
to the commonsensationbroughtaboutwhenoneviewsa distantobjectover
a hot chdmneyandobse~esa generalblurringof outlineanddisappearance

—

of finedetail. It is obviousthatairborneoptfcaldevices,suchas
—

reconnaissancecameras,star-trackingtelesco~es,andfire-controlsights
cm be similarlyaffectedby high-speedturbulentboundarylayers,and

—

thuswillsuffera lossin resolvingpower.
-. .—

..-m
A qualitativeinsightintothe opticalscatteringabilityof turbulent I

boundarylayerscanbe gainedby referenceto figure1 whichshowstwo —

shadowphotographsof identicalbodiesin theAmessupersonicfreeflight w

windtunnel(ref.1) at comparableMachnumbersandReynoldsnumbers.
Bothphotographswereobtainedwithsn electricsparkilluminationof 0.5
microsecond,smddifferin thatthebodyof figurel(a)was launched

-—

throughstillairwhereasthebodyshownin figurel(b)was launchedinto
a counterflowat a Machnumberof 2. Thus,the lightwhichexposedthe
fitiof figurel(b)penetratedtwoturbulentboundarylayerson thewind-
In_mnelsidewalls,andthereinwasrefractedby theturbulentdensity

—

fluctuationsin sucha manneras to causethebackgroundto takeon the
mottled,grain-likepatternshown. Becauseof thegreatdifferencebetween
the speedof lightandthe speedof theturbulenteddiesandbecausethe
sparkdurationwas sufficientlyshort,theturbulentmotionwas ltstoppedl~

-—

in thepatternshown. However,duringa finitetimeintervalthepattern
will,of course,changeandeachrayof lightwhichenterstheturbulence

=

at a givenpointwillilluminate,in the courseof time,a finitearea
uponemergence.Thus,a one-to-onecorrespondencebetweenenteringand

—-

emerginglightraysis lost,because,in effect,theturbulenceintroduces
a randomnoisefieldin theprimarybeam.

Usinglinearizedtheoryof geometricaloptics,Liepmann(ref.2) has
estimatedthermsdiffusionangleof a rayforvariousflightconditions.
A moredetailedscatteringanalysisbasedon the electromagnetictheory
of radiationandthetheoryof isotropicturbulencehasbeenadvancedby h

BookerandGordon,andrefi.nedbyVillarsandWeisskopf(refs.3 and4).
BaskinssndHamilton(refs.5 and6) havemeasuredthetransmission
characteristicsof turbulentboundarylayersfora limitedrangeof flow

v
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conditions.Theresultsof thesetheoreticalandexperimentalstudies
showthata significantlossin resolvingpowercanbe sustainedby opti-
calimagingequipmehtreceivingradiantener~ whichhaspenetrateda
high-speedturbulentboundarylayer.

Thepurposeof thepresentexperimentalinvestigationis to provide
additionaldataon the opticaltransmissioncharacteristicsof turbulent
boundarylayersovera rangeof Machnumbersfrom0.4to 2.5,free-stream
densitiesfrom0.12to 0.93stand~d sea-levelatmospheres,andboundary-
layerthichessesfrom1-1/2to 4-1/2inchesandto correlatethe observed
opticalcharacteristicswiththe appropriateboundary-layerparmeters.

NOTATION
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E

f/no.

F

I

K

1

M

N

n

P

P

Gladstone-Daleconstant(0.1170k 0.0002cu ft/slugforairand
5200A light)

focalplanestopdiameter,ft

entrancepupildiameter,ft

radiantintensityaveragedwithrespectto time,watts/sqft

focalratio,~ dimensionlessD>

focallength,ft

time-averagedradiantintensityat the focalplaneof telepho-
tometer,watts/sqft

()4YC12beam-spreadparameter,~ , dimensionless

integralscaleof densityfluctuations,ft

Machnumber,dimensionless

indexof refraction,1 + Cp,dimensionless

numberof boundarylayerstraversed

radiantflux(power),watts

pressure,pRT,lb/sqft
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gasconstant,1715sq ft/sec2%, forair

radiusnormalto opticalaxisof tetiphotmneterwithoriginat
theprincipalfocus,ft

Tt
temperature, , ‘R

1 + (y- l)M2/2

airvelocity,ft/sec

distancethroughboundarylayernormalto surface,ft

attenuation.~oefficient,l/ft

boundary-layercorrelatingparameter..(eq.(~)), dimensionless

specificheatratio,1.4forair,dimensionless

boundary-layerthiblmess,ft

specificinductivecapacity,dielectricconstant,N2,forair,
dimensionless

scatteringangle
radians

angularaperture

measuredfromdirectionofprimarypropagation,

of telephotometer,tan-1 d—, radians
2F

radiationwavelength,ft

effectiveradiationwavelength,1.705x10-=ft

dimensionlessradiusnormal

airdensity,slugs[cuft

@rto opticalaxisof tekphotometer,—
F~

densityof lULCAstandardsea-levelair,0.002378Shg/CU ft

scatteringcrosssectionperunitvolume,sq ft/cuft steradian

angleof incidencemeasuredfromnormal.to flowdirection,deg

anglebetweendirectionof electric
direction0, radians

solidangle,steradians

vectorandscattering

k

w -..

—

.——
—

——.

. -5

8

a“

u

—

——

z.-.——



Subscripts
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*

A

B

F

M

NT

n

o

P

R
*

s

d sep

t

u

m

absorbed

boundarylayer

flow

measured

no flow

numberof boundarylayers,forexample,1, 2, or 4

incident

polarized

Rayleigh

scattered

separatedregionof boundarylayer

stagnation

unpolarized

freestream

ANALYSIS

Attenuationof Lightin TurbidMedia

Aggregationsof particulatematter,suchas air,smokein air,liquid
emulsions,colloidalsuspensions,etc.,areknownto attenuatea beamof
psrallelmonochromaticlightin closeaccordwithLsmbertlsexponential
lawforhomogeneousmedia(refs.7, 8, and9). Thislawstatesthat
layersof equalthicknessattenuateequalfractionsofthe incidentinten-
sity. In differentialformthelaw is written

dE* —=-adyE

* The attenuationper footof penetration,a,
frequencyand stateof polarizationof the-

(1)

is a functionof thevibration
incidentlight,the structure,

*



u
bothatomicandmacroscopic,of theparticles,and,aboveall,of the
degreeof chaos(randomfluctuations)in theparticlenumberdensity.
Ordinarily,a is consideredto be madeup of twoparts,sn absorption w
Coefficiellt$mA> anda scatteringcoefficient,aS, to distinguishbetween
the intensitydecreasedueto disappearanceof visibleught intoradia-
tionat otherfrequencies,suchas heat,andthatdueto deflectionof

—

visibleenergyfromthedirectionof primarypropagation.It is the
latterwhichis affectedby turbulentdensityfluctuationsin air.

In theapplicationof equation(1)to theboundarylayer,theattenua-
tionper footdueto scattering,uS, cannotbe takenas a constant,but
mustbe consideredas a functionofpositionbecausetheboundarylayer
is an inhomogeneousmedium. However,insofaras a turbulentboundarylayer
canbe consideredan assemblyof particles~it mightbe expectedthat
equation(1)woulddescribetheopticaltransmissioncharacteristicsof
a seriesof identicalboundarylayers,eachhavingan averagescattering
coefficient&S sndthicknessb. Sucha definitionis:

.—

(2) $

b

where n denotesthenumberofboundarylayerstraversed.Equation(2)
formsa startingpointfortheexperimental~rocedureusedin thepresent
investigation.becauseit providesa methodfJordeducing,fromtheresults
of observationsthrougha multiplicityof identicalboundarylayers,the
transmissioncharacteristicsof a singleboundarylayer. Inparticular,
therelationsbetweenfour,two,andoneidenticalboundarylayersare

(a.=(51=(5. (3)

It shouldbe notedthatthisresultis dueto the functionalformof
Lsmbertfslawandthatnothingneedbe knotiaboutthe scatteringcoef-
ficientandthethicknessof the scatteringmedium,so longas the several ._

—

mediaareidenticalsndcontiguous. -.

Attenuationof Lightby Isotropic.D.ensityFluctuations

Lackof howledgeof theturbulencestructurein a compressible
turbulentbounda~ layerprecludesthe cal=lllationof aS in general. r

However,theattenuationof electromagneticwavesdueto scatteringby
—

turbulencecanbe calculatedfora turbulencemodelcharacterizedby “d
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isotropicdensityfluctuationshavingan exponentiallydecayingauto-
Corrdationfunction.The calculationutilizesthe scatteringcross2 sectionforthismodeldeducedby BookerandGordon(ref.3),theturbu-
lencestructurebeingdefinedsolelybytwoparameters,namely,intensity
andintegralscaleof the densityfluctuations.

Onemightargueagainsttheworthof sucha calculationon two
counts. ‘First,theturbulencemodelof BookerandGordonis physically
unrealisticbecausetheexponentiallydecayingautocorrelationfunction
impliesthattheturbulencehasno microscale.Second,a two-parsneter
modelof isotropicturbulencecannotbe expectedadequatelyto describe
the anisotropicinhomogeneousturbulenceanticipatedin compressible
turbulentboundarylayers.The extentto whichscatterpropagationis
influencedby thesediscrepanciesbetweentheturbulencemodelof Booker
andGordonandmorerefinedmodelsinvolvingthreeor moreparameters
hasbeentiscussedby Wheelon,MucbmoreandWheelon,ands-t~asfn
references10,11,ad 12. Whereastheseinvestigationsshowthatthe
BookerandGordonscatteringcrosssectionis,of course,alteredby
choiceof correlationfunctionand considerationsof aaisotropy,the abso-
lutechangesin crosssectionare smallforlargearbitrarychangesin the

* turbulencemodel. Oneis thereforeencouragedto believethattherela-
tivelysimplecalctiationsbasedon theresultsof theBookerandGordon
analysiscan,at theveryleast,pointoutthesignificantvariablesandH
aidin theanalystsof data.

The radiantflux(power)scatteredby isotropicdensityfluctuations
perunitsolidangle,perunitincidentintensity,perunitmacroscopic
elementof volumeas givenby BookerandGordonis

(4)

Thisequationstatesthatthe fractionof incidentradiantpowerscattered
intounitsolidangleper footof penetratimthroughtheturbulence,ap,
is directlyproportionalto themeansquarefractionalfluctuationof the
specificinduc;ivecapacityof themedium G (andthusto the density
fluctuations);directlyproportionalto the cubeof thecharacteristic

lUsingdefinitionsgivenin theNOTATION,whichapplyto dryair:

e)’;k($i)’’kc’~”for“<<’
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sizeof thedensity“lumps”(integralscaleof turbulence),1; and
inverselyproportionalto thefourthpower-oftheradiationwavelength,
A. Thedependenceof the scatteredpowergn angleis containedbothin
thedenominatorof equation(4),wherethe‘polarangle,e, is measured
fromthedirect-ionofprimarypropagation,andintheterm sin2% in
thenumerator,where x is theanglebetweenthedirectionof thepolar-
izedincidentelectricvectorandthe scatteringdirectione. Equa-
tion(4)canbe modifiedso as to be applicableto natural(unpolarized)
incidentlightby replacingtheterm
(ref.13). Then

sin2X by theterm1/2(1+ cos2(3)

(5)

Fromequation(5)_itcanbe seenthat,in a~ditionto beingsymmetrical
aboutthepropagationaxis,thepowerdistributionin the scatteredf~d
foran unpolarizedplaneincidentwaveis s~ronglydependenton the com-
parativemagnitudesof theintegralscale Z andthewavelength h.
In fact,when 1 is verymuchgreaterthan h, whichappearsto be the
relev~t caseforvisiblelightandturbulentboundarylayers,andsince
thehalf-powerpetitof the scatteredbeammakesan angleof 7Jblrl
withthepropagationaxis,the scatteringt~akesplacemainlyin the
forwarddirection.

Usingequation(5),onefurtherconcludesthata layerconsisting
of isotropicdensityfluctuationsof.ucroscoPicthi*ess dy andunit
cross-sectionareascattersthefractionof incidentpower:2

(6)

Thus,fornegligibleabsorption,theatten~?tion~ffer~dby thePrim~rY_
beamdueto scatteringin penetratingthe isotropicturbulentmediuma
distancey becomes(eqs.(1)and (6)):

~he analysisof VillarsandWeisskopf(ref.4),whichemploysa
turbulencemodelbasedon Kolmogoroff~sconceptof localisotropy,yields
a scatteringcrosssectionwhichis notdefinedalongthe directionof”
primarypropagation.Thus,theirfunctioncannotbe usedas the integrand
in equation(6).
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Becauseof assumptionsevokedby Bookerand

dy
(7)

Gordonin the derivationof
c, equation(7)is rigorouslyv&lidonlyforcaseswherean elementof
thiclmessof theturbulentstratm dy exceedsthe integralscale Z.
h otherwords,theturbulencemustbe sensiblyhomogeneousthroughout
thevolume(dy)3.Further,thetotalthicknessof theturbulentlayer,
y, mustexceedtheradiationwavelength,A. Finally,it shouldbe noted
thatthe effectsofmultiplescatteringhavebeenneglected.

Measurementof LightIntensityin ScatteredField

It is lamwn(refs.lk and 15,forexample)thatphotometric~eri-
mentsinvolvingLsmberttslawcanbe subjectto errorbecauseit is
impossibleto restricttheangularapertureof themeasuringinstrument
to zero. Thus,an instrumentcenteredon the atisof primarypropagation
and situateda finitedistancefromthe scatteringvolumegathers,in
additionto theattenuatedplanewave,thatportionof the scatteredlight
lyingwithinitsfieldof view. To accountforthiseffect,equation(7)
is modifiedto read:

y=5 41t

H
EM - o@u dy
—.eO
E. % (8)

where ~ is the intensitymeasuredby an instrumenthavinga fieldof
viewdefinedby the solidmgle ~. The instrumentis consideredlocated
sufficientlyfarfromthe scatteringlayerthatchangesin solidangle
withlayerdepthcanbe neglected.(Thisis theparaxialray asmmption
of geom&ricaioptics.)For
of viewalinedwiththeass
tended,w, is relatedto the

rJl= 4fi

an instrumentwithan axiallysymmetricfield
of pr~ry propagation,the solidanglesub-
scatteringangle,G, by

esin2— - 2fi(1- cose)
2 (9)

.
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Afterthe foregoingequalitiesareusedto ef~sct&ubstitutionsin
equation(5),theangularintegrationindicat~din.theexponentof equa-
tion(8)canbe carriedoutby elementarymethods.Theresultis:

(lo)

where K = (4YrZ/A)2.The scatteringcoefficiat aS (eq.(6))corre-
spondsto equation(10)with ~ = O.

w

v

In the caseof velocityfluctuations(refs.16,17,and18),it has
u

beenfoundthatthe integralscaleis of theorderof halftheboundary-
layerthickness.It is reasonableto expectthatthe scaleof thedensity
fluctuationswillbe of a similarorderofmagnitude,sayab~t 1 inch,
forflightandwind-tunnelboundarylayers.Becausethewavelengthof
yellowlightis about2x10-5 inch,the discussioncanthereforebe
restrictedto caseswhere 2 is verymuchgreaterthan A. Consequently,
onlytheleadingtermof equation(10)contributessignificantlyto the
scatteringcoefficient,andoneobtainswith.thehelpof equation(9): —
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Furthermore,theresultsof references16 and18 indicatethatthe integra:
scaleof thevelocityfluctuationsis,forpracticalpurposes,independent
of positionin theboundarylayer. Whenit is assumedthatthe integral
scaleof the densityfluctuationsis likewiseindependentof position,the
integrationwithrespectto distanceindicatedin equation(8)yields:

.
@f

1- Sirlz—

.()
1+ ~’si;$

and,for eM = O:
(12)

The firstof equations(12)relatesthemeasuredintensityratio &/En
forgivenwavelengthof the incidentradiationand structureof the

... -

turbulenceas characterizedby integralscaleand intensityof density
fluctuationswiththe changesin angularaperture,eM, of theviewing
instrument.Theseresultsareapplicableto turbulentcompressiblebound-
arylayerssubjectto the followingqualifications:(1)the integralscale
is consideredinvariantthroughoutthe layer;(2)the integralscaleis
verymuchgreaterthantheradiationwavelength;(3)theturbulencecan
be consideredisotropic;and (4)theturbulenceis characterizedby a space
correlationof thedensityfluctuationsthatobeysan exponentialdecay
law.

PhotometricExplorationof FluctuatingDensityFields

Althoughthe foregoinganalysispresumesthatthe integralscaleand
intensityof thedensityfluctuationsare-own andtheradiationintensity
is thedependentvsriable,the converseis usuallytruein practice.It
is thereforeconvenientalsoto regardequations(12)as definingthe
turbulencestructurein termsof knownradiationvariables,therebyper-
mittingtheextractionof usefulinformationaboutturbulentlayers.To
thisendthe firstof equations(12)canbe rearrangedto read:
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eM
tell=~

(13)

It appearsfromequation(13)thatphotometricsurveysof
afterinteractionwiththeturbulentlayer,whereintheratio &/E. is

thelightfield

measuredas theangularaperture~ of thephotometeris varied,can

yieldvaluesof theumknownturbulentparameters; ~a~y=’ @’dy*

Thisis truebecausea graphof theleft-handsideof equation(13)against
the aperturefunctionon theright-handsideyieldsdeterminatefunctions
of theunknownsas the slopeandihterceptofa straightline(sketch(a)).

Sketch(a)

As partof thepresentinvestigation,the functionaladequacyof equa-
tions(12)and (13)whenappliedto turbulent.ccmrpressibleboundarylayers
was testedby comparisonwithphotometricdata.

APPARA!I’USANDPROCEDURE

WindTunnel

Thepresentexperimentalinvestigaticzzwaeconductedin theAmes1-
by 3-footsupersonicwindtunnelno.1. Thenaturalboundarylayersthat
existon thetunnelsidewallswerethickenedartificiallyto obtaina
rsngeof testconditions.Thisclosedcircuit,continuousoperation,
variablepressurewindtunnelis equippedwitha flexible-platenozzle
thatprovidesa rangeof supersonicMachnumbersfrom1.20to 2.50. A

+

.



NACAFM A56B~ 13

e’
rangeof subsonicMachnumbersfromO.@ to 0.85canalsobe providedat
thetestsectionby locatingtheminimumareain the circuitdownstream

. of the,testsection.

Theworkingfluidis dry,filtered,atmosphericair. Contamination
withinthe circuitdueto oilandmanometerfluidvaporsandleaksfrom
theatmosphereismin~zedby continuousairinterchangeat a ratesuffi-
cientto preventwatercondensationin thenozzle.The absolutepressure
in the settlingchsmbe.rcanbe variedfrom1/5atmosphereto 2 atmospheres
to providechangesin Reynoldsnumber. Correspondingabsolutetempera-
turesvaryfrom520°R to 6000R anddependprimarilyupontheabsolute
pressure.Stagnationpressureand stagnationtemperaturecanbe meaqured
witha relativeerrorof*1 percentin themostuncertaincases.

Someheatflowalwaystakesplacebetweentheroomandthenozzle
boundarylayers,but theheat-transferratessre small. Thisismanifested
by thefactthatthewalltemperatureshaveequilibriumvalueswithina
degreeor two of thetheoreticalrecoverytemperaturesof the stresm.The
temperatureson thetest-sectionwallvaryfromabout20°F aboveroom
temperatureat the lowestMachnumberandhighestpressureto about25°F

* belowroomtemperatureat thahighestMachnumberandlowestpressure.
Althoughit is usuallypossibleto selecta stagnationpressurewhichpro-
duceszeroheattransferat anygivenMachnumber,it was feltthata close. controlof heattransferwasunwarrantedbecausetheheatflowratesare
small.

Instrumentation

Aerodynamic.-Boundary-1ayerpressuredatawereprovidedby either
a 28-tubeor a 36-tubetotal-pressurerakewhichspannedthetestsection
on thehorizontalmedianplane,4-5/8inchesdow&treamfromthe center
of the9-inch-diameterviewingwindows(fig.2),andalsoby 25 static-
pressureorificesoneachtest-sectionwall. Pressureswereindicatedby
a conventionalliquidmanometersystem.In addition,threehot-wireane-
mometerprobeswereinstalledat therakestationwiththewiresnormal
to theair stresm.Oneprobewasmountedintegrallywiththerakeon the
wind-tunnelaxis. The remainingtwowereinstalledOD a horizontaltrav-
ersingmechanismso thattheycouldbe traversedthroughtheboundary
layerson oppositewallsof thewindtunnel.Thehot-wireanemometerwas
usedforobtainingrelativeboundary-layerandfree-streamturbulence
levelsand fordetectingthe locatim of the edgesof theboundarylayers.

The relativeerrorin determiningMachnumberfromtheraketotal& headandwallstaticpressureis *1 percent.Locationsof the centers
of thel/32inchoutsidedismetertotalheadtubesweremeasuredto the

4 nearest1/64inch.
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QEQ.ssk”-The opticalequipmentusedin thepresentinvestigation
was substantiallythe sameas that@nployed_byBaskinsandHamilton
(refs.5 and6). Theprincipalcomponentswerethree.identicalf/8.6
Newtoniantelescopeshavingfocallengthsof 21.45inches.TWO of the
telescopeswereusedas sourcecollimators,andtheremaininginstrument
was equippedas a telephotometer.Lightfrombattery-operatedtungsten-
filamentincandescentbulbswasrelayedto 0.00025-inch-diameterapertures
at theprincipalfociof eachcollimator.Electronicphotometersviewing
the sourcesdirectlyservedas monitorsof thetwo sourceintensities.
As is shownin figure2 a collimatorwas arrangedon eachsideof the
windtunnelto direct,as required,planewavestowardeitherof the
high-qualitywindows(seeref.6 fordescription)in thewind-tunnelside
walls. A half-silveredmirrorandthereceivingtelescopeweresituated
on oppositesidesof thewindtunnelso thatsomeof the.radiantenergy
fromeithercollimatorcouldenterthereceiverafterpassingeitheronce
or twicethroughtheair stream.s Afterpassingthroughthe finalwind-
tunnelwindow,lightfromthe selectedco~ator enteredthereceiver
througha plane-parallelglassplatewhichcappedthetelescopebarrel-
at an sngleof 45°witfirespectto theoptigalaxi~. The.reflexmirror
whichis characteristicof theNewtonianarrangementwas situatedat the
centerof thisplateandconsistedof an elJ_ipticaldepositof alumin~
havinga nominalminordismeterof 1/4inch. Thusthe entrancepupilwas
an annularwindowhavinga nominalmajordiszneterof 2-1/2inchesanda
nominalminordismeterof 1/4inch,andtheresultingdiffractionpattern
at theprincipalfocuswas of the center-blockedAirytype. Althoughthe
sourcediameterwasnot sufficientlysmallto meettheratherstrict
coherencecriterionof Hopkins(ref.19), it Wasaboutme-half the rnaxl-
mum dismeterconsideredadequateby Gabor(ref.20)andtwo-thirdsthe
dismeterconsidereda goodworkingcompromiseby Rogers(ref.21).

.

—

—

—

w

Thereceivingtelescopewas equippedwithmeans.foriqsertlngat the
principalfocusa seriesof pinholeapertureshavingdiametersranging
from0.0007to 0.0330inch. Wheninposition,thecenterof eachpinhole

%ecausethereceiverand sourcecollimatoron the s~e sideof the
tunnelwerephysicallyseparated,thedouble-transmissionbeamincident
on themirrorirradiatedslightlydifferentportionsof theboundarylayers
beforethanit didafterreflectiontowardthereceiver.Themaxim~ —

displacementbetweenincidentandreflectedbeamswas about1 inchat the
surfaceQf thenearwindow.

The original,opticalarrangementfor.t~e.double-transmissiontests
employedan opaquefirst-surfacemirrorwhichcouldbe insertedat the
locationof thehalf-silveredmirror. Becauseinstallationandcalibra-
tionbecame.a lengthyandfrequentlyrepeat.e_dprocess,sndbecausethe
windtunnelhad_tobe shutdownduringchangesfromsingle-transmission ●

to double-transmissicmloperation,thearrangementusingthehalf-silvered
mirrorprovedtobe themoredesirablefroman operationalstandpoint.

—
t–
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*

coincidedwiththe opticalaxisof thereceiver.Theradiationwhich
passedeachpinholewas relayedby a lenssystemas a collimatedbeam.
to a l/8-inch-diameterspoton the cathodeof a lF21photomultipliertube.
Thephotomultipliertubeactedas thetransducerof a commerciallyavail-
ableindicattigphotometer.Repeatedcalibrationson an opticalbench
showedthatthisinstrumentwas stablewithtimeandhad a linearresponse
withinabout0.5percentof fullscaleforoutputreadingsbelow15micro-
ampere. The combinationof lightsource,opticalcomponents,andphoto-
electriccellpossesseda spectralsensitivityhavinga maximumresponse
at a wavelengthof about5200angstromunits. The energyinterceptedby
thephototubewasmeasuredwitha maximumrelativeerrorof *2 percent.

Withthevariouspinholesin place,thean~lar apertureof the
photocellvariedfroml.wO ‘5 to 7.7X10-4radian.Aperturediameters
weremeasuredto thenearestO.WIOOltich,whichcorrespondsto slightly
lessthan0.0W10-5radianin angularaperture.Angularaperturescor-
respondingto thevariouspinholesarerecordedin tableI.

The collimatorsandtelephotometerweremountedon a cradlewhich
was isolatedfromthe floorandthetunnelstructureby an elasticcord* suspension.The cradleassemblyandtestsectionwerehousedin a cabin
to minimizeextraneousilluminationandroomturbulence.

--

Tests

Aerodynamicparameters.-In additionto the individualeffectsof
Machnumberand free-streamdensityon thediffusionof light.,the effect
ofboundary-layerthicknesswas determined.The l-1/2-to2-inch-thick
naturalboundarylayerson thewind-tunnelsidewallswereartificially
thickenedby twomethods.The firstwas a boundary-layertripconsisting
of a seriesof adjustable-heightfencestransverseto the side-wall
boundary-layerflowin the low subsonicregionat thenozzleentrance.
At subsonicMachnumbersthisarrangementcausedthickeningby factor~
q to 3. However,theeffectivenessof thetripas a thickeningdevice
felloffrapidlywithincreasingMachnumber,andpracticallyno thicken-
ingoccurredat a Machnumberof 2.5. The secondmethodconsistedof
apply5nga distributedroughnesscoatingthatextendedin 9-inchwide
bandson eachwallto vsriouslengthsdownthenozzle.The roughness
consistedof irregular-shapedgrains(coarselygroundcoffeebeanshaving
maximumdimensionsrangingfrom1/16to about1/8inch)attachedto the
steelwallswitha rtibber-baseadhesive.Withtheroughnessbandsextend-
ingto theviewingwindows,theboundarylayersat a Machn~ber of 2.5

. wereabout3-1/2inchesthick,as opposedto thenaturalthicknessof
1-3/4inches.However,at subsonicMachnumberstheUstributedrough-
nesswasnot so effectivein increasingtotalthicknessas theboundary-

- layertrips.
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Someobservationsweremadethroughseparatedboundarylayers.With
the M = 1.75nozzlesetting,drivingthewind-tunnelterminalshockwave
structureintothetestsectioncausedtheboundarylayerto separate.
The shockwaspositionedby adjustingthebackpressurein thediffuser
sothattheregionof maximumseparation(1/2to 1 inchthick)was over
the observingwindows.

Althoughrelativecomparisonswiththehot-wireanemometerindicated
thatthe free-stresmfluctuationlevelat allMachnumberswas at leastan
orderofmagnitudelessthanthatin theboundarylayers,thereexisted
thepossibilitythatthefree-streamfluctuationscouldcontributemeasur-
ablyto the opticaldiffusionbecause,withthinboundarylayers,the
opticalpaththroughthefreestresmwasup to fourtimesas longas the
paththroughtheboundarylayersthemselves.Thispossibilitywas explored
by employinga turbulence-promotinggridofbarsat thenozzleentrance
to increasethe free-streamfluctuationlevel. Approximatelydoublingthe
free-streamfluctuationlevelas measuredby thehot-wireanemometerhad
a negligibleeffecton the opticaldataat Machnumbersof 0.8and2.5.

A limitednumberof testswereconductedto determinetheeffectof
air-streamhumidityon theopticaltransmissioncharacteristics.At Super-
sonicMachnumbers,so longas thewatervapordidnot condense,little
changein imagequalitycouldbe detected.However,whencondensateformed
in thetestsection,theeffecton the imagewas as if the sourceintensity
hadbeendecreased.Thisreductionof intensitydueto watervapor,which
smount,edto as muchas Xl percent,suggeststhatprocessesof skincooling
by liquidevaporationmustbe carefullycontrolledif liquidsareinjected
upstreamof receiversof visibleradiation.Nominaltestconditionsat
whichthebulkof the datawas obtainedaretivenin table11. Withfew

‘+

a

——

_r—

,-

-;

u

—

exceptions,anyactualtestconditioncorres~ondedto oneof thesenominal -
conditionswitha relativeerrorof lessthan*3 percent.

Opticalparameters.-To avoidthe experimentaldifficultiesassociated
withestablishinga procedureforviewingt_~ougha singleturbulentbound-

.

arylayer,thetwoboundarylayerson thewind-tunnelsidewallswereused
as thebasicconfiguration.It was feltthatthisexperimentalsimplifi-
cationwas justifiedbecauseequation(2)givesthepossibilityforreduc-
ingtheresultsfortwoboundarylayersto an equivalentresultforone.
Moreover,thevalidityof equation(2)is smenableto experimentalverifi-
cationby comparisonof theresultsof observationsthroughtwoboundary
layerswiththeresultsof observationsthroughfoux (eq. (3)). Thus,
foreachsettingofMachnumber,densitylevel,andboundary-layerthick-
ness,setsof opticaldataweretakenforthetwocasesof singleand
doubletransmissionof lightbeamsthroughthetestsection.

A setof opticaldataconsistedof the seriesof measurementsof
*

radiantfluxwhichcrossedthefocalplane,ofthereceivingtelescope
througheachof thepinholeapertureslistedin tableI. Theoutput +
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indicationof thereceivingphotocellwas directlyproportionalto the
time-averagedvalueof theradiantenergywhichpassedthrougheachpin-
holeperunittime,andwas relatedto thetime-averagedvalueof the
localintensityas follows:

(14)

where d is thepinholediameter,IF is thetime-averagedlocalinten-
sity,considereda functionof raiklusalone,and ~F is theaverage
intensityovertheaperturearea.

Tominimizethe effectsof molecularscattering,and imperfections
in theopticalcomponents,and,further,to accountfordiffractionin
thetelephotometer,equation(14)was normalizedwithrespectto condi-
tionsforno flowin thewindtunnel(testsectionat atmosphericpressure
andtemperature):

(15)

Accordingto equation(15)when IF iS a differentfUnctiOnof r than
1~, theratio EF/E~ becomesa functionof thepinholeradius,d/2,
andthusof the angularapertureeM, since

-ld.deM=tan ‘==
2F (1-6)

where F is the focallength.As is shownin reference6, equation(15)
effectivelyeliminatesthediffractioneffectsbroughtaboutby the finite
entrancepupilof thetelephotometer,andthusthequantity~/~ is
a measureof the fluxwithina givensolidangledueto boundary-layer
effectsalone,referredto thetotalfluxperunitarea,Eo, in the
enteringwavefront;thatis,
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Datato.checkequation(17)wereobtainedby varyingthefocalratioof
“w

thetelephotometerf@m f/8.6to f/86. Decreasingtheentrancepupil
diameterfrom2.5inchesto 0.25inchincreasedthe sizeofthediffraction .-1

..

imageby factorsup-to10. Testswiththelargestfocalratiowereincon-
clusivebecausethe,relativelysmallquantityof lightavailablewas
spreadovera largeareaof thefocalplane,.qnddifficultieswereencoun-
teredin accuratelycenteringthepinholeapertures.However,chaggesin

.-

focalratioup to f/43hadno measurableeffecton theratio EF/ENF
forgivenflowconditions. Q

Briefteststo assessthedispersionaccordingto wavelengthin the
scatteredfields(Tyndallspectra)by cappingthereceivingtelescopewith
filterswereinconclusivebecausethe spectralrangecoveredby theavail-

—

ablefilterswas small. It shouldbe pointedout,however,thatBaskins
andHamilton(ref.6) reportdefiniteevidenceof a spreadin the scattered
fieldsaccordingto wavelength,the shorterwavelengthsbeingdispersed
throughlargerangles..

Althoughthebulkof the datawas obtainedat normalincidence(cp=O)j .
ltiitedtestswerealsocarriedoutat an incidenceangleof 45°. Because
of inadequateclearancesbetweenthetunnelstructureandtherearranged v.

opticalcomponents,datacouldbe obtainedonlyforthe caseof double
transmission.

.
Althoughthe imageof thepointsourcewas,typically,symmetric

aboutthe opticalaxis,a numberof extraneousaerodynamiceffectswere
encounteredwhichhad an undesirableinfluenceon theimagesymmetry.
If theincidentbeamintercepteda weakshockwave,the imageacquireda
tailorientedat the shockangle. Suchsituationswereremediedby modi-
ficationof thenozzlecontoursto eliminatethedisturbance.During
initialtestingneara Machnumberof 0.65,the imagewas observedto
breakup intoa coarse-grating-typediffractionpattern.Thisbehavior
was tracedto an acousticgridof ultrasonicstandingwavesin thewind-
tunneltestsectionexcitedby theboundary-layerrake. Whentherake,
whichhada blunttrailingedge,wasmodifiedby additionof a sharp
trailingedge,the imageagainbecameaxisynunetric.

The factthatthetest-sectionwallscouldnotbe maintainedat room
temperature.foralltestconditionsgaveriseto free-convectiveflows
overtheetieriorsof theviewingwindows.It isbelievedthatin most
casesthisflowwas laminar,buttherewasno”convenientway to effecta
calibrationandit is conceivablethatin certaininstancesfreeturbu.
lenceoverthewindowsmighthavemadea smallcontributionto the image
deterioration.Accumulationsof dirton thewindowswerea continuing

.—

sourceof difficultyandsnnoyance.However,”calibrationsthroughclean
anddirtywindowsestablishedthatrunsof 4 to 6 hoursdurationintro- L
ducedadditionallossesof lessthsm1 percent.

.
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The opticalparameterswhichwerevsriedin combinationwiththe
variousaerodynamicconditionsaregivenin tableIII,andtableIV is
a tabulationof theaerodynamicandopticaldataforallconfigurations.

RESULTSANDDISCUSSION

PhotometricMeasurements

Effectof flowon transmittedpower.-Withthelargestpinholeaper-
ture(d= 0.033in.)in the focalplaneof”thereceivingtelescopeit was
foundthattherewas littledifferencein theradiantpowerreceivedby
thephotocellfora conditionof no flowin thewindtunneland forthe
flowconditioncorrespondingto the greatestimagedeterioration.In
otherwords,theturbulentcontributionsto absorption,side-andback-
scatteringwerenotmeasurablewiththepresentinstrumentation,andthe
totalenerg in the incidentwaveforpracticalpurposesalway~passed
the entrancepupilof thetelephotometerirrespectiveof the flowcondi-
tionin thewindtumnel.Thisresult,whichwas firstreportedby Baskins
andHamilton(ref.6) cambe interpretedto indicate(eq.(5))that,in
boundarylayershavingtotalthicknessesof the orderof 1 inch,the
integralscaleof the densityfluctuationsis verymuchgreaterthanthe
effectiveradiationwavelengthof 5200angstromunits. Thus,in accord-
ancewiththetheoryofBookerandGordon,it canbe statedthatthe light
fieldscatteredby a compressibleturbulentbound=~ layeris beamedprin-
cipallyin theforwarddirection.Themaximumscatteringangleencoun-
teredin thepresenttestshas a valueof 0.~c16radian,whichcorresponds
to a conditionof no lossthrougha pinholeaperturehavinga diameterof
0.025inch.

Comparisonof one-andtwo-transmissiondata.-In figure3 theper-
centagesof lightreachingthephototubethroughvariouspinholes4for
variousflowconditionsafterpenetratingtwoboundarylayersareplotted
againstthe correspondingpercentagesreceivedafterpenetratingfour.
Onlythedatatakenwiththehalf-silveredmirrorin placeare shown.
All thesedata,irrespectiveof flowconditionor angultiaperture,cluster
withremarkablysmallscatterabouta singlecurve. Hawever,themeanline
passingthroughtheexperimentaldatadifferssystematicallyfromthetheo-
reticalpredictionbasedon Lsmberttslaw (eq.(3)). Fromequations(12)
it is apparentthatLsaibert*slaw shouldapplyforgivenangularaperture,
becausedoublingthenumberof identicalboundarylayerspenetratedby
thelightbeammerelydoublesthevalueof the fluctuationintegral,
therebysquaringthe originalintensityratioas was shownpreviously
(eq.(3)). Althoughp=t of thediscrepancybetweenexperimentad theory
mightbe attributableto theTactthatthepathsof the incidentand

4Becauseof negligiblelosses,the dataforthetwo largestpinholes
“havebeenomittedfromfigure3 andthe followingfigures.
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reflectedlightforthedouble-transmissioncasesdidnot coincide,the
discrepancyis believedmoreprobablyto be causedby two secondary
effectsthatareneglectedin thetheoreticaltreatment,namely,second- . .
ary scatteringand scatteringfrom’rwgh interfacesbetweentheboundary
layersandthe freestresm.i% theregionwherefrmn10 to 65 percent
of thetotalenergyis receivedthroughtwoboumdarylayers,a maximum
incrementof 0.04in thevalueof (EliI/%)40Vercorrespondingpredictions .-
basedon Lamberttslawoccurs.Thisincrementisbelieveddueto recep-
tionof lightwhichhasbeenscatteredmorethanonce,thatis,fromsolid -
anglesoutsidethatof thephotometer.Further,in theregionwherefrom
65 to 100percentis received,a maximumdecrementbetweenexperimentand
theoryof 0.02occurs.Thisdecrementis attributedto a scatteringof
energyfromtheroughinterfaceswhichoccurbetweentheboundarylayers
andthefreestream(ref.17). Dueto interfacescatteringalone,the
experimentaldatawouldbe expectedto liebelowthetheoreticalcurve
throughouttherangeof intensityratiosandto be a functionof theflow
conditions.Secondaryscattering,however,appearsto actin a direction
to counteractthedecrementdueto interfacescatteringand,moreover,
to exertan influencewhichincreasesas theintensityratiodecreases.
Thenetresultof thesetwo secondaryeffectsis to causethedataof
figure3 to be.independentof angularapertureandflowcondition,but v
to departsystematicallyfromthetheoreticalcurve.

Becauseof thesesecondaryeffects,an apparentchangein integral
.

scale,t,willbe observed,andthe correspondinglogarithmsof the
intensitiesat eM = O Willnot,in general,be in theratiOof 2 to 1
fordatacorrespondingto the single-anddouble-transmissioncases.
Thusafterequation(13) iswrittenfortwo andfourboundarylayersand
eM is eliminatedbetweenthem,an expressionisobtainedthatcontains
the apparentintegralscalesandlimitingintensitiesfromthetwo —
measurements:

[

1+K4Zn(E/Eo)2 : (*+(%)]
~ h(E/Eo)4- Zn(E/Eo)4l+K=

(s)=(%!2

—

where

d

(18)
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The empiricalcurvedefinedby the datain

.

(?)F*=

Therefore,the

r 1 1
10.44-c)..4 Zn(q/Eo)2j

r!)LT*

dataindicate

0.44 =

0.14=

the following

figure3 is givenby:

for
()

EM
> 0.10

E2–

empiricalresult

()1 + K4 ln(E/Eo)2
1 +K2 h(E/Eo)A

‘ c%’)Zn(E/Eo)A

. Consequently,theintegralscaleandintensityof turbulentdensityfluc-.
tuationsfor-twobound&y layerscanbe obtainedin termsof the corre-
spondingquantitiesforfourboundarylayersforthisseriesof experiments
by use of the followingempiricalexpressions(for(~/Eo)2~0.10):

()E 0.44 h(E/Eo)4
Zn =2=

1 + 0.14Zn(E/Eo)4
\

(19)

()~+b’cz22 1 + (4fiLJA)2—=
A 1+ 0.14 2n(E/Eo)4

I

It is reasonableto expectthatforthe sameintensityratios,a
comparisonbetweenoneboundsrylayerandtwoboundsrylayerswouldyield
smallerdeparturesfrmnLamberttslawthanis shownin figure3 forthe
caseof twoandfourbecausethenumberof boundary-layerinterfacesis
cutin halfandbecauseopportunityforthe occurrenceof secondaryscat-
teringdecreases.The dash-dotcurvelyinghalfwaybetweenthe experi-
mentalcurveandthepredictionbasedon Lambert’slaw,whichis shownin
figure3, is an estimateof therelationexpectedto holdbetweenone
boundarylayerandtwo. Thiscurveis subsequentlyusedto reducethe
opticaldatato resultsapplicableto an equivalentsingleboundarylayer..
The enpiricalequationforthiscurveis:
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.
for >0.28z= -

(20)

Comparisonof datawithscattering theOry.- Figure4 hasbeenpre-
paredto comparetheresultsof the.theoreticalscatteringanalysiswith
thetestresultsforcompressibleturbulent<boundarylayers.Thetheory “- –
basedon thetwo-parameterturbulencemodelof BookerandGordonpredicts
the straight-line:functionaldependencegivenby equation(13)anddepicted

—

in sketch-(a).Figure4(a)presentssingle-tra~smissiondataat a Mach
numberof 2.00anda densityratioof 0.46foreachofboundary-la-yer
configurations@ through@ (tableII)plottedin the coordinatesystem
suggestedby theanalysis.In eachcasethe straight-linedependence
predictedby theoryis obtained;andthustheturbulentdensityfluctua-
tionscanbe definedin termsof thetwopa>~etersgivenby theextra-
polatedinterceptswiththeaxes. .-

ThatwidechangesinMachnumberanddensityratiohavelittleeffect
on thisfunctionalbehavioris furtherillustratedin figureh(b),which
is a normalized
left-handside,
rearrangedform

formof figure4(a). The ordinateof fi&re k(b)-isthe
andtheabscissais theright-handsideof the following
of equation(13):

2n(~/&j)2 zn(E/%)2
.—.

ln(@o)2 2

Opticaldatacorrespondingto a givenflow=conditignwere@otted as @ii.-
catedin figure4(a)andfittedwitha straightline. The x andy axis

interceptsdeterminethe constantsZn(E/Eo)aand
1 + (4&Jh)2

. Graphi-
@/Eo)2

calcurvefittingwasusedformostcases;butwherethe scatterwas
consideredexcessive,the constants.weredeterminedby themethodof
leastsquares.Fittingthe straightlinewas accomplishedby themethod
of weightingof functionsdescribedin ref~ence22. In thepresentcase
thisweightingprocedurehadthe effectof’decreasingtheweightof those
datacorrespondingto int-ensi’tyratioswhiihwerebothlargerand smaller

7thana valueof 1 e (=0.368).

NotwithstandingtheconsiderablevariationofMachnumber,free-.
streamdensity,andboundary-layerthicknessrepresented-bythevarious
symbolsshownin figure4, it canbe observedthatdepart~esfromline-
arityare small. It thereforeappearsthat-thefluctuatingdensityfields

——_

4

““
. —

—

.

,.
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in compressibleturbulentboundarylayersbehaveas thoughtheywereiso-
tropicinsofaras thetransmissionof lightis concerned.Consequently,

. photometricmeasuranentsin theradiationfieldproducedby the inter-
actionof a planelightwavewitha turbulentboundarylayercanbe used
in conjunctionwithscatteringtheoryto deduceaveragevaluesof the
integralscaleandthe intensityof turbulentdensityfluctuations.

Effectof TurbulentDensityFluctuationson OpticalImages

the scatteringanalysisbasedon the
is in goodfunctionalagreementwith
turbulencestructuxecanbe defined
data. Withthisinformation,onecan

It hasbeenshownso farthat
crosssectionof BookerandGordon
e~erimentjand,further,thatthe
by twoparametersdeducedfromthe
computefora givenflowthedistributionof radiantintensity.& the
focalplaneof a diffractingopticalimagingdevice.To carryout;his
calculation,oneequatesequations(12)and (15)bY
and changesvariablesas follows:

Afterdifferentiatingtheresultingexpressionwith
sionlessradius ~ and simplifying,oneobtains

usingequation(17),

respectto thedimen-

ZnE/E.

~+(l+K)(~/*)2~2
IF=e

[

I* - 2(1+K)Zn E/~

[( 11+1+K)(~/%D)2~22
For an afiallysymmetricobjectiveonehas for 1~ thewell-lmownresult
of Airy:

.

where J1(~)is theBesselfunctionof unitorda. It thereforefollows
thatthe intensityat a point 6 in the focalplanedueto turbulence
relativeto thatonthe opticalafiswithoutturbulenceis:
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ZnE/E.
IF

[[ 1=~l+(l+K)(~/aD)2~2 2Jl(~)2- 2(1+ K)h E/E.
1~

I~=o E [(1 + 1 + K)(@rD)2~212

J%Jl(m ~g
o !5

I

.

(!ZL)

Graphsof equation(21)fortheno-flowconditionandforthree
typicalflowconditionswithboundary-layerconfiguratim@ arecompared
in figure5 witheachotherandalsowithcorrespondingphotomicrographs
of the single-transmissionimageat thefocalplaneof thereceiving
telescope.For eachgraph,thetwoparametersinvolvingtheturbulence
structurewereevaluatedfromsingle-transmissionphotometricmeasurements
in themannerpreviouslydescribed,andthe’twoopticalconstants,~ and
D, wereassignedthevaluesappropriateto theinstrumentationusedin.. a

thepresenttests. The effectof center-blockingis smallandcanbe
safelyneglected. .

Theordinatesat thepoint ~ = O in eachof thefourgraphsin
figure5 havebeengiventhe samephysicalheight.However,therelative “–
numericalvaluesof thepeaksareactuallyshownto be in theratios
1:0.5:0.2:0.1as oneproceedsdownthe coluqn.An intensityratioof
unityontheopticalaxiscorrespondsto theno-flowconditionshownby
thegraphandthephotographsalongthetoprow. Eachof thegraphsof
the intensityratiosforthethreeflowconditionsalsoshowsas an addi-
tionaldashedcurvean attenuatedno-flowdistribution.Thisdashed
curvearisesfromthefirsttermon theright-handsideof equation(21)
and canbe interpretedas theportionof theintensitydistributioncom-
posedof unscatteredradiation.Noteon theg&aphsthatas thevalueof
the centralmaximumdecreaseswithincreasingairdensity,theheightof
thetotalintensitydistributioncurverelativeto the correspondingno-
flowcurveincreasesandthatthedarkringsof thediffractionpattern
(~=3.8,.7.0, Io.1, . ● .) disappear. Thisindicatesthatincreasing
fractionsof radiantenergyarescatteredoutsidetheAirydisc. For
example,theratioof theflowandno-flowordinatesat themaximumof
the secondbrightring(~~ 8.6)are7/1,22/1,and32/1,respectively,
forthe0.157,0.295,and0.379densityratios.

Thephotomicrographsof theimagesto therightof eachplotin
figure5 arevisualevidenceof the increasedscatterthatoccurredas

b

thedensitywas increasedat a Machnumberof 2. Unfortunately,dueto
halationin thefih andlimitationsin thereproductionprocess,the .
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photographicimagesshowconsiderablylessdetailthancsnbe observed
visually,or forthatmatter,on the originalnegatives.TheAirydisc,
thefirsttwobrightrings,andportionsof thethirdbrightringcanbe
readilydistinguishedon thenegativesforthe caseof no flow. The
etiraneousspotsof lightvisibleon someof thephotographssre “ghosts”
originatingfromsecond-surfacereflections,sndtheyrepresentlessthan
1 percentof thetotalflux. The exposuretimes(15,45,and90 seconds)
forthethee columnsof imagesshownwereselectedso thatpointsof
equalbrightnesson the filmin anyrowwereexposedby lightintensities
in theratio6:2:1. Withflowat a Machnumberof 2 (bottomthreerows
of pictures),the intensityof the centraldiscis noticeablyattenuated
(15-secondcolumn)andthe zoneof the focalplaneoutsidethe discbeccmes
illuminatedcorrespondingly(45-and90-secondcolumns).Exceptforthe
smallinfluenceof secondaryscattering,thesequalitativeeffectsof the
scatterandredistributionhavebeenpredictedby thepreviousanalysis.

A fwther featureof thephotographsforthe flowconditionsshown
in figure5 shouldbe mentioned.Themaximumintensityratioscalcu-
latedas belongingto eachrowandthe selectedexposuretimesforeach
columnof photographscauseadjacentpictureson a diagonal(.dhl,for
exsmple)to exhibitapproximatelythe ssmeresponse;forby thereciproc-
itylawforphotographicemulsions,the increasedexposuretimesalong
the diagonalserveto counteractthedecreasein lightintensitycaused
by theadditionalscatteringthatoccurred.Therefore,increasesof the
diameterof the imagealongthediagonaldhl illustratethatevm
thoughonecancompensateforthe attenuationdueto turbulenceby
increasingthegainof the system(thatis, increasingexposuretimehere
or increasingtheamplificationfactorof a photomultipliercircuit)a
lossin resolutionwillbe inevitable.

Dependenceof OpticalTransmissionCharacteristicson
MeanFlowConditions

Establishmentof correlatingparameter.-Therehasbeenno attempt
so farto connectthe scatteringof radisntenergywiththedynamicsof
themeanboundary-layerflowbecauseit is clearfromtheprecedingdis-
cussionthatMachnumiber,densitylevel,andboundary-layerthicknessare
importantonlyinsofaras theycontributeto the formationof density
%mrps.” For reasonsof practicalutility,however,it wouldbe desirable
to utilizesomeaveragecharacteristicof themeanboundary-layerflow
as a measureof theturbulencepatterncontrollingthe scatteringof light.
Unfortunately,
theturbulence
boundarylayer
basis.

thelackof knowledgeconcerningtherelationshipbetween
structureand
prohibitsthe

themeanflowin a compressibleturbulent
formulationon anyotherthansn empirical
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As a preliminaryto the formulationof sucha parsmeter,it is noted

that,whenplottedas shownin sketch(a)md figure4(a),thephotometric
dataexhibitthefolJmwingcharacteristics:

.

1.
produce
through

2.

IncreasesofMachnumber,density,andlmundsry-layerthickness
substantialdecreasesin the slopesof the straightlinespassed
thedata.

Relativelylargechangesin Machnumber,density,andboundary-
layerthicknessproducecomparativelysmallchangesin theabsolutevalues
of theextrapolatedinterceptswiththeabscissa,and,moreover,the
interceptsin mostcaseshavesmallnumerical.valuesas comparedto the
numericalvaluesof theaperturefunctiontan=(eM/2).

—

In otherwords,displacementsofthepresentdataregardedas shifts
in the coordinateaxesaremuchlessextensivethandisplacementsregarded

-
.-

as rotationsof the.coordinateaxes. Thusthe slopesof thelinesalone
willserveas a goodover-allmeasureof theeffectsofMachnumber,
density,andboundary-layerthicknesson the scatteringprocess,andone
can,withlittlelossin accuracy,considerthatthe straightlinespassed
throughthe dataalsopassthroughthe originof thecoordinatesystem.

6“

Themathematicalconditionsto be met forthissimplificationto be valid
are:

or

In thepresentteststheselimitationsarefulfilledfbrallof thepin-
holeaperturesforsomeof thetestconditions,andformostof thelarger
pinholeaperturesforalltestconditions.Equation(12)cantherefore
be writtenin thefollowingformindependentof explicitdependenceon ..— ;
theradiationwavelength:

(22)

9

Thus,a parameterbasedonmeanflowconditionswhichisproportionalto
theright-handsideof equaticm(22)canbe expectedto effecta correla-
tionof the intensityratiodata,

.
at leastfor”thelargerpinhole
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apertures.It shouldbe notedthatthe flow-dependentportionof the
exponentof equation(22)canbe castintoa formwhichbearsa very
closeresemblanceto the correspondingexpressionobtainedby Liepmann
(ref.2) for’themeansquaredeviationof a ray. If oneremites
equation(22)as follows

andnotesthattheleft-handsidemustbe constantfora givenflowcon-
dition,it is obviousthateachsetof opticaldatacanb~describedby
a singlenumber,saythemeansquaredeviationof a ray,02. If, further,
the integralon theright-handsideof theaboveexpressionis written
as theproductof an averagevalueof the integrandandthe boundary-layer
thiclmess,oneobtains

(23)

Thisrelationcorrespondsfunctionallyto equation111-2of reference2.
Liepmannapproximatedequation(23)in termsof themeanflowvariables
by: (1)settingtherootmeansquaredensityfluctuationproportional
to theover-allchangein meandensityacrosstheboundarylayer,
(2)settingthe scaleof thefluctuationsproportionalto thethickness
of thelaminarsublayer,and (3)settingthetotalbo~dary-~yer thfck-
nessproportionalto the lengthofboundary-layerrun dividedby the1/5
powerof thelengthReynoldsnumber. Thisapproachleadsto the following
resultfortherootmeansquaredeviationof a ray:

(y-l)&2/2
$.@ - k)[1+(7-l)&2/21( 2/5

)( )

ti4length localskin-friction
Reynoldsno. coefficient

For anyoneof theboundary-layerconfigurationslistedin tableII the
opticaldatafromthepresentexperimentscanbe correlatedby a parameter
proportionalonlyto the firsttwo factorsin the foregoingexpression,
thatis,thefree-streamdensityad free-streamMachnumberfunction.
However,attemptsto incorporatetitotheparametertherelativelyweak
effectsof thevariousboundary-layerthicknessesandprofileshapes
(Reynoldsnumberand skin-frictioncoefficient) by theuse of functions
of displacement,momentum,or energy-lossthic~esswerenot ~ ~qualf-
fiedsuccess.Thesecorrelationsusuallyledto a spreadof the
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unseparated-flowdataas a functionofMach
the separatedboundary-layerdataat all.

NACARM A56B21

8-numberanddidnot correlate —

The inadequacyof thatportionof Liepmann?sparameterproportional
to theratioof boundary-layerthicknessandturbulencescaleis believed
dueto theuse in equation(23)of flowparametersproportionalto the
microscaleof theturbulence.Thepresentanalysis,however,identifies

—

the length,t, in equation(23)as theintegralscaleof thefluctuations
ratherthanas themicroscale.Accordingto references16,17,and18,
the flowparameterproportionalto the integralscaleis thetotal
boundary-layerthickness,5. Hencetheright-handsideof equation(23)

.—

is actuallyinsensitiveto boundary-layerthiclmessexceptas it influ- -
encesthe localintensityof thedensityfluctuationsand.thustheaver-
age. Thislattereffectcanbe takenintoaccourtby a slightgenerali-
zationof thatportionof Liepmanntsparameterwhichincludesthe fluc-
tuationcontributions.Insteadof settingthefluctuationsproportional
to the over-alldifferencebetweenthedensityat thewallandin the
freestreamas Liepmannhasdone,it hasbeenfoundadvantageousto employ
the integralacrossthelayerof thedifferencebetweenthefree-stream
densityandthe localdensitywithinthelayer. Thus,definingthe
boundary-layerparameter:

J5
P’ = (Pm-tddy

o
(24)

andintroducingtheusualflat-plateassumptionsthatthe,totaltempera-
tureand staticpressuredo notvsryacrosstheboundarylayer,onefinds
that

Thisrelationis rendereddimensionlessby introducingthe ~tandardsea-
leveldensity,~, andthe effectiveradiationwavelength,A, so that

h (7-lkQ2/2
[ lfwim~=~=fi1+(7-l)&2/2 o (25)

Withrespectto the free-streamdensityandfree-streamMachnumber
dependence,theparameter~ (eq.(24))is identicalto theanalogous
expressiongivenby Liepmannin reference2. However,whereasLiepmann’s
parameterincorporatestheratioof thetotalboundary-layerthickness

.—

.
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w
to turbulencescalein termsof Reynoldsnumberand skin-frictioncoef-
ficient,theparameter13 utilizesa thicknessweightedwithrespectto
theMachnumberprofile.No generalsignificancecanbe attachedto the.
parsmeterB, anditsuse canbe justifiedonlyon thepracticalground
thatit ismoreeffectivein correlatingthe datathsnthe other-arrange-
mentswhichweretried.

i

Ssnplesof theboundary-layerMachnumberprofilestypicalof those
usedto calculatetheparsmeterP are shownin figure6, fora free-
stresmdensityof 0.23stsadardsea-levelatmospheres.The smalldif-
ferencesbetweenboundary-layerMachnumbersat correspondingy dis-
tanceson oppositewallsof thewindtunnelwereaveragedarithmetically.
Distancesthroughtheboundarylayerarenormalizedwithrespectto the
ener~-lossthickness,whichis definedin the figure.A ssmpleof the
Machnumberprofileforthe caseof the separatedboundarylayer(con-
figuration@ ) is alsoshcwn. It canbe seenfromthe figurethatthe
shapeof the separatedlayeris significantlydifferentfromthe others.
It willappearshortlythatthisdifferencehadan effecton the optical
transmissioncharacteristicswhichwas adequatelyaccountedforby the
parsmeter~.

●

Correlationof opticaldatawithaerodynamicconditions.-Figure7
showsthe fractionof energyremainingin the lightbeanaftertraversing

. fourandtwoboundarylayersas a functionof the flowandopticalvari-
ablescombinesintotheparsmeterj3/GMcos(p.The limitsforoneboundary
layerwere-estimatedby theuse of figure3. The correlationparameter
incorporatesthe factor Cosq so thatdataobtainedat theangleof
incidenceof 45° couldbe includedin thefigure.

NotwithstandingthewiderangeofMachnumibers,densitylevels,
boundary-layershapesandthicknessesrepresentedby the symbolsdefining
the fsmilyof curvesin figure7, andirrespectiveof the smalldepartures
frominsulatedwallconditionsdueto heattransfer,theparameter
$/@~cosq effectsan adequatecorrelationof allthe data. The fact
thatthisparametercorrelatesthe dataas shownimpliesthat

5— 2
p+

10
‘: dy

o

Thisproportionalityfollowsfromthetwoobservationsthatthedatain
figure7 canbe empiricallyrepresentedby an equationof the form
Zn~/E. - - ($/E3MCOSq)2 andthatequation(22)givesthe corresponding

- analyticprediction.Thusthesedataserveto providean approximate
over-allrelationshipbetweentheturbulencestructureandthemeanflow
conditionsin theboundarylayers..
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Someof thedatashownin figure7 whichareassociatedwiththe
P

smallerpinholeaperturesshowa tendencyto breakofffromthemaingl?OUp
at variouspositionsalongthedescendingportion.of theband. Curves..
fora typicalopticalset(filledsymbols)are shownillustratingthis

--—

tendency.Thedashedportionsof thecurvescorrespondto a linearextra-
—

polationof thedata;in figureh(a)thisregionof extrapolationcorre-
.-

spondsto thedistancebetweenthe y inte~cepta&lthe--firstdatapoint.
—

Thisbehavioris in accordwiththeanalyticpredictions,whichindicate
thatforconstanttwbulencestructure,thatis,constant~, a decrease

—

of theangularapertureto zerocausestheintensityratioto approacha
finitelowerlimit(fig.4(a)). The exactmannerin whichthe curvewould

—

approachtheasymptote,however,isa functionof the integralscaleof
theturbulence,andthusof thegivenflowcondition.

.—

It is apparentfromexaminationof figure7 thatthemoderatelythick
turbulentboundarylayersexploredin thepresentinvestigation,evenat
highsubsonicMachnumbers,havean importantinfluenceon thepropagation

—

of light,theinfluencebeingto scatterincreasingfractionsof theorigi-
nallycollimatedbesmas theMachnumber,density,andboundary-layer- - –
thictiessincrease.In fact,the estimatedcurvesforoneboundarylayer
indicatethatwhen p/e~cosq
dentwaveto a valueof ~/E.
trast,the ssmeattenuationin
scatteringalonewouldrequire
miles.

is about5x10~ anattenuationof the inci- #
= l/e (=0.368~canbe expected.In con-
the sea-level–atmo”spheredueto molecular

.

propagationwer a distanceof about75 .

Effectof scatteredlighton opticalresolution.-Althoughthe
turbulence-scatteredlightis deviatedthroughverysmallangles,the
deleteriouseffecton an oyticalimagingdeyicec% be largebecause

—

scatteredlightfroma givenpointin the o}jectgoesintoa finitearea
in theimage. The-effectcsmbe convenientlyevaluatedby establishing
a resolutioncriterionanalogousto theRayleighlimitof resolutiondue -
to diffraction.

TheRayleighresolutionlimit(ref.7) canbe expressedas theangle
subtendedbetweentwoequallybrightpointobjectswhoseimagesoverlap
in thebackfocalplaneof an opticalimaginginstrumentby ~ smountjust
equalto theradiusof theAirydiscof eitherimage. Roughly85 percent
of themergy radiatedintothe entrancepupilby eachpointobjectis
foundin eachdisc;andtheintensitydistributionsanddiscradiiare
fixedby thefocalratioof the instrumentandthewavelengthof the
radiation.Theanglesubtendedat theobjectiveof an axiallysymmetric
instrumentby theAirydiscradiusis (for D >>A):

—

(26) “
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On the otherhand,lightwhichhaspassedthrougha turbulentboundary
layerhasbeenseen-toappearat the focalplanein a muchlargerdisc
(fig.5),withenergydistributiondeterminedprimarilyby the intensity
and scaleof theboundary-layerdensityfluctuations.In analogyto the
Rayleighcriterion,onecanproposethattheradiusof the disccontaining
85 percentof thetotalenergyestablishestheresolutionlimitdueto
turbulence.Thus,oneacceptsas tolerablea 1~-percent10SS,which
servesto identifyin figure7 a minimumvalueof ~/~cos q of about
l@ fora singleboundarylayer. Theratioof theboundary-layerreso-
lutionlimitforanyvalueof
to diffractionforan axially
expressedas

~ andtheRayleighresolutionlimitdue
symmetricimagingdevicethencanbe

eB 13D
~= 1.22ACosCpX10-8 (27)

● The interpretationof equation(27)is bestillustratedby an exsmple.
The resolutionlimitof the 2.5-inch-diameterobjectiveusedin thepresent
experimentsis about2 secondsof arc;thatis,1.2!2A/Dis aboutlxIO-5

. radianfor X = 5200angstroms.With ~ = 3900,theratioof theresolu-
tionlimitdueto turbulenceto theresolutionlimitdueto diffraction
takesa valueof 3.9. Thisvalueof ~ happensto correspondto a
l-3/4-inch-thicktubulentboundarylayerat a Machnumberof 2.5anda
densityaltitudeof about45,000feet(tableIV). It shouldbe notedthat
accordingto equation(27)an objectiveof largediameterwillbe more
severelyaffectedthanwilloneof moderatesize. Opticalimagingequip-
mentsuchas sextants,cameras,andfirecontrolsightswillbe similarly
affected.

CONCLUSIONS

Theresultsof teststo determinetheopticaltransmissioncharacter-
isticsof turbulentboundarylayerson an effectivelyinsulatedflatplate
overrsngesofMachnumberfrom0.4to 2.5,free-streamdensityfrom0.12
to 0.93standardsea-levelatmospheres,andboundary-layerthicknessfrom
1-1/2to 4-1/2inchesleadto the followingconclusions:

1. The lossin radiantintensityfroma collimatedbeamof unpolar-
izedwhitelightafterpenetratinga turbulentboundarylayerdepends

. mainlyupontheintegralscaleandtitensityof the densityfluctuations.
Thisresultis in agreementwitha theoreticalpredicticmbasedon the
scatteringcrosssectionof BookerandGordon.A parameterproportional.
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to the spaceintegralof thecumulativechangeinmeandensityacross
theboundarylayeris foundto providean over-allmeasureof the inten-
sitylossovertherangeof flowpars.metersinvestigated.

2. The scatteredlightis deviatedin allcasesthroughsmallangles,
themaximumdeviationfromthedirectionof primarypropagationbeing
about0.0006radianin thepresenttests;aridtheangulardistributionof
scatteredenergydependsuponthe integralscaleof thedensityfluctua-
tions. Thisresultalsoagreeswiththe scatteringtheorybasedon the
scatteringcrosssectionof BookerandGordon.

3. Comparisonof thetransmissioncharacteristicsof twoboundary
layerswiththoseof fauxboundarylayersindicatessmalldeviationsfrom
Lambertlslawof exponentialattenuationwhichyrobablyresultfromsecond-
ary scatteringanddiffuserefractionfromtheboundary-layerfree-stresm
interfaces.

4. Dueto theforegoingeffects,significantlossesin resolving
powercanbe sustainedby opticalimagingdeviceswhichreceiveenergy
throughcompressibleturbulentboundarylayers.For example,a l-3/4-
inch-thickturbulentboundarylayerat a Machnumberof 2.5anda density
altitudeof 45,000feetintroducesa lossof resolvingpowergreaterby
a factorof 3.9thantheRayleighresolutionlimitfora 2-1/2-inch
objective.

5* Photometricmeasurementsintheradiationfieldproducedby the
interactionof a turbulentboundarylayerwitha planelightwavecanbe
usedin conjunctiontithelectromagnetictheoryto deduceaveragevalues
of the integralscaleandtheintensityof theturbulentdensityfluctua-
tions. Providedthatthelimitationsof theBookerandGordonanalysis
arenot exceeded,thisconclusionis believedto be validalsoforturbu-
lentflowsotherthanboundarylayersandforradiationsat wavelengths
outsidethevisiblersmge.

AmesAeronauticalLaboratory
NationalAdvisoryCommitteeforAeronautics

MoffettField,Calif.,Feb.21,1956
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TABLEI.-RANGEOFANGULARAPERTURESOF TELEPHOI’OMETER

Nominalangular
Diameter, aperture, Plotting

Pinhole dxlos, eMxl@, symbol
in.

radian

la,lb 0.75,0.71 1.70 0
2a,2b1.01, 1.07 2.43 c1

3a,3b 1.28,1.23 2.91 0
k, 4b 1.80,1.85 4.24 D
5a, 71 3.32, 3927 7.70 v
6a, 6b 4.20, 4.07 9.63 w

7a, D 4.86, 4.71 11.13 D
8a, 8b 8.09, 8.14 18.92 0

9 15.4 35.9

10 33.0 76.9

TABLEII.-RANGEOF AERODYNAMICVARIA31J?S
Machno. des

MC

Density
ratio

A

B

c

E

F

,Nom!

1

Pm
T

).116

.232

.463

.694

.925

~ation
lal

?lotting
symb01

-0

?
o
(5
o-

1
Ok)

0
(a)

0:7

D
(a)

111 IV
3.80 1.30

u 7
(a) (a)

--- ---

Do a,@

D-@ 0,0

D-o ‘--

30 ‘--

v VI VII VIII
1.40 1.75 2.00 2.50

D o El o
(a) (a) (a) (a)

aFlowconfiguration:
@ TunnelcleanA
@ Boundary-layertripat nozzleentranceA
@ Roughsidewallsto within40 inches

8

4 Roughsidewallsto within10 inches
~+ shock-inducedseparation~

@ Q)+ shock-inducedseparation~

of observingwindowA
of observingwindow~
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TABLEIII.- RANGEOF OPTICALVARIABLES

w of
incidence
q, deg

o
0
0

0
0

b45
b45
o
0
0
0
0
0
0

‘Series“t1.

1-1-No. of Filter

trans- Focaldesig-
rationation

‘i~~~% f/no.Wra%tel
no.

1, 2 8.6 None
1, 2 8.6 None
1, 2 8.6 None

1, 2
1, 2
2
2

1, 2
1, 2
1, 2
1, 2
2
2
2

8.6 None
8.6 None
8.6 None
8.6 None
12.3 None
17.2 None
C28.6 None
’42.9 None
’85.8 None
8.6 45
8.6 61

aperturesusedfor

Angulsr Aerodynand
a Boundary-~perture~

eM layer

(tableI) ‘r::;g-

1-10 Q-Q

I Q-g)Q-B

:variables,

Machno.

V-VIII
111,V-VIII
II,III,V,VI,
VII
11,111
1-111
111,V
III,V
VIII
VIII
111
III
VII
IIT
111

ableII

Density
ratio

A
B
c

~

E
F

B, C
B, C
B
B
F
F
c
F
F

“Special.plottingsymbolfor q = 45”: III- C: ~
v- C: o

cEntrancepupilcoveredby opaquemaskwith3/4-inch-dismeterholecentered
3/kinchoffopticalaxis

‘Entrancepupilcoveredby”opaquemaskwithl/2-inch-diameterholecentered
1/2inchoffopticalaxis

%ntrancepupilcoveredbyopaquemaskwithl/4-inch-diameterholecentered
1/4inchoffopticalaxis

.

.

●

�

.

.
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TABLEIV.- TABULATION
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(b)TunnelMachnumber= 2;missileMachnumber= 5

Figure1.-Shadowphotographsof missilemodelsin theAmessupersonic
free-flightwindtunnelshowingthe effectof turbulentlayerson a
collimatedlightbeam;sparkduration0.5microsecond.



Flap for Moth number
control (subsonic operation). -11

-.
:“”:”:,;..,.

Receiving photometer
,.

‘ m’

“w ~
Elostic cords .= ! “,;

. .
ii

!@=

kViscous damper -=’ “, ~:’:fl

i ..”

$...)

\,

T~ngsten so:rce ~
Monitor photometer

!.”#-

‘“ ‘i ;
,zSaurce aperture

Partiolly coated , i,. - Source col Iimator for
:ptica I flot ,-~

“,, . ‘ 1~ single tron.srnission

bond

/ ,“
;’ L Iorul-neau raKe/

(. Hot+ire.
~nemometer probes ~’ Flexible -piote position

for subsanic operotion-1-.-, .-— J .—,..

,/ ,~:::,- Crodle

.>.1 J— Source collimator far

~@ i“’: double transmission
(saurce not shown)

‘1 “!

1.
...

I

Figure2.- ~erirnental arrangement for viewing a point light source at Iufinitythrough two or
&

four thickenedturbulent,wall boundary layerB In the Ames 1- by S,-footsqpersoni.cwind tuunel g
no. 1.

. . r .

1 ,, ,., 1,

t .



NACARM A56B21 41

.

.

.

t.o

.8

.6

Two and four boundory layers \
.4

Estimated
/

.2 —
One and ,$vr)oundary \ Theory (Lambert’s law)

- . Equation (3)

~ *7
A-?

“

/.< ‘g ~
o~-o .2 .4 .6 .8 1.0

Figure3.- Variationof the fractionof radiantfluxreceivedthrough
fourturbulentboundarylayerswiththe fractionreceivedthroughtwo.
Boundsry-layerconfiguration@.(SeetableI for symbolidentification.)

.

.



I I

&.2.oo El
& :

(a) Effect of changing

Figure4.-Varlatlcmof

46 Atm density Boundary-layer configuration

./

/

5

bouudary-laym thickness @ shape at
free-streamdensity.

20 25 30

constantfree-streamMach numb= and

the fractionof radiemt flux received tbrouh two turbulentboundam lamrs
with the angulax aperture of the telephotcmeter.

.-

%
b

v,

.-

. , t



*

#

& !

I 10 100

(b) Correlatkm or data for various Mach numbers and densities

Scatteringtheozy. (See table II for symbol
employingparameters predictedby
identification.)

Figure k.- Concluded.



44

IK

.
.:
0L
+>
.-
07
ca)z

0
.5

i!!i
\\

0
[ 10

.2

\\\
\!

.1 t

L

“,M=2
~,0.3i’gatmdensity

1: 1,-! -%
\\\\\\.

.\
0’ ‘ ‘ ‘----L ‘-:0

t

15sec

o
(o)

o
(d)

o
(9)

Q
(i)

Exposure time

45 sec

O.
(e)

O
(h)

O..
(k]

NACAM A56B21

90sec

o (c)

o
(f)

o

,

(i)

o
(1)

Fiaure5.-Ccmnmrisonof relativeintensitydistributionswithphoto-

.

_=-— ~
micrographs(X320)of theimageat the focalplaneof thereceiving “

telescopeforvariouswind-tunnelflow.conditions.Lighttransmis-
sionthroughtwoboundarylayers;boundary-layerconfigurating@ .

~>–-~..~. .-



b 1 , b 2

2,6

2.4

2.2

2,0

I,8

= 1,6
~“

: 1,4
~

1111,2
t

ElI I

: 1 1 I I I 1111 PI

1.0 II I I ,,,I

,8

,6

,4

,2

0
.01 .1 I 10 I00 1000

Norrnallzed bountiry-layer thickness, ~

Figure 6.-Effect of v~iouB methods for IMckening turbulentboundary layers on the shape of the
Mach nmziberprofiles.

&-

%’”
P

?



‘.O‘A ~~

.8
$
E.

.6

,4

.2

“o _LLLTl?
~ 4 Boundary l~rs
8“ cm + 2 408

I I I I I I I
107 n ,00 log

~ 2 Boundary layers
. 2 468

T
d limit-
ry layer

i

\

\

b\

I ! 1 I I I I I I I I
,.7 ,08

~
to”

8M C46 #
I Boundary loyw

Figure 7.-Attenuationof radiant flux through one, two, and four turbulentboundary layers as a
fuucti~ or the combinedmean flow and opticalparameter, fJ/6)Mcosq. (See tables II EUY3111
for symbol identification.)

I

P r . r


